Abstract-Ambient noise correlation analyses are largely used in seismology to map heterogeneities and to monitor the temporal evolution of seismic velocity changes associated mostly with stress field variations and/or fluid movements. Here we analyse a small earthquake swarm related to a main m R 3.7 intraplate earthquake in North-East of Brazil to study the corresponding post-seismic effects on the medium. So far, post-seismic effects have been observed mainly for large magnitude events. In our study, we show that we were able to detect localized structural changes even for a small earthquake swarm in an intraplate setting. Different correlation strategies are presented and their performances are also shown. We compare the classical auto-correlation with and without pre-processing, including 1-bit normalization and spectral whitening, and the phase auto-correlation. The worst results were obtained for the pre-processed data due to the loss of waveform details. The best results were achieved with the phase cross-correlation which is amplitude unbiased and sensitive to small amplitude changes as long as there exist waveform coherence superior to other unrelated signals and noise. The analysis of 6 months of data using phase auto-correlation and cross-correlation resulted in the observation of a progressive medium change after the major recorded event. The progressive medium change is likely related to the swarm activity through opening new path ways for pore fluid diffusion. We further observed for the auto-correlations a lag time frequency-dependent change which likely indicates that the medium change is localized in depth. As expected, the main change is observed along the fault.
Introduction
Monitoring medium changes is important for a better understanding of the Earth dynamics expressed at the Earth surface through volcanic and seismic activities, and by thus improving prevention systems of these hazards. It is used also for industrial applications to monitor local dynamics as those induced by, e.g., gas and petroleum extraction, waste deposits, mine activity, or CO 2 sequestration. Initially, monitoring medium changes consisted in seismological analyses based essentially on the first arrival waves from an artificial source or the analysis of waveform changes in earthquake doublets but which occurred at different times (e.g., POUPINET et al. 1984; BAISCH and BOKELMANN 2001; GRET et al. 2004) .
In the past decade, monitoring medium changes gained increasing interest due to the recent progress in understanding the seismic noise wave field and its usage for monitoring (e.g., SNIEDER 2004b; BRENGUIER et al. 2008a; HADZIIOANNOU et al. 2011 ) and imaging studies (e.g., CAMPILLO and PAUL 2003; SHAPIRO et al. 2005) . The seismic noise wave field can be used for monitoring structural changes whenever the noise wave field does not change its characteristics (ZHAN et al. 2013) . The principle of this method is to retrieve signals, which contain the structural response of the medium from noise cross-correlations (LOBKIS and WEAVER 2001; DERODE et al. 2003; WAPENAAR 2004; SNIEDER 2004a; ROUX et al. 2005 , among others). Besides the cross-correlations between two stations, auto-correlations of the noise wave field recorded at one station can be employed to monitor medium changes (e.g., SENS-SCHÖ NFELDER and WE- GLER 2006; HOBIGER et al. 2014; NAKAHARA 2015) . There are many advantages of using ambient seismic noise to monitor temporal variations of the Earth structure. First, using noise correlations allows to discard source parameters, as its location and focal mechanism. Second, the seismic noise is continuously available, which results in a dense temporal coverage of measurements. And third, it is a non-invasive or destructive monitoring method. For these reasons, this method has been applied in many studies, including earthquake monitoring (WEGLER and SENS-SCHONFELDER 2007; Brenguier et al. 2008b; OHMI et al. 2008; WEGLER et al. 2009; MINATO et al. 2012; ZACCARELLI et al. 2011; HOBIGER et al. 2014) and volcano monitoring (e.g., SENS-SCHÖ NFELDER and WEGLER 2006; MORDRET et al. 2010) .
In this work, we focus on the detection of medium changes due to a m R 3.7 (Brazilian earthquake magnitude scale as in ASSUMPÇÃ O 1983) intraplate earthquake using the seismic ambient noise wave field. The hypocentre is located near Sao Caetano town, NE of Brazil, and the main shock was followed by a sequence of low-magnitude seismic and micro seismic events (typically below m R 1.0). Also, the main event has a much lower magnitude than the ones usually used in previous noise-based monitoring studies (e.g., WEGLER and SENS-SCHÖ NFELDER WEGLER et al. 2009; ROUX and BEN-ZION 2013) . So, the hydromechanical impact on the medium is expected to be considerably smaller.
All these monitoring studies are based on the classical cross-correlation approach and may differ in the applied data pre-processing. Here, we show that the phase cross-correlation (PCC) by SCHIMMEL (1999) is also suited to detect medium changes. PCC is based on the instantaneous phase coherence concept used in the phase weighted stacks (SCHIMMEL and PAULSSEN 1997) . The PCC is amplitude unbiased and has been introduced to noise correlation studies in SCHIMMEL et al. (2011) . They demonstrated that PCC due to its phase sensitivity is more efficient when there are large amplitude variations which could hide waveform similarities when using the classical cross-correlation.
This manuscript is divided into five parts: Section 2 describes the geological background of the studied area and the data configuration. In Sect. 3, we explain the different methods used for the data processing, show their performances and explain our choice for the subsequent data processing which we present in Sect. 4. Then in Sect. 5, we show the main auto-and cross-correlation analysis and their results. Finally, in Sect. 6, we discuss our results and interpretations.
Studied Area and Data Configuration
We studied data from São Caetano in the state of Pernambuco, North East of Brazil. This area is cut by the Pernambuco lineament and its ramifications (Fig. 1) , which appeared during the Brasiliano orogeny (600 Ma). São Caetano is located in the Boborema province, intraplate setting, which means that earthquakes occur rarely and with small magnitude. The largest event recorded during the past 200 years in this region had a magnitude of m b 5.2 known as Pacajus earthquake, 1980 (BEZERRA et al. 2011 .
A m R 3.7 event (dextral strike slip) occurred on the 20/03/2007 in a NE-trending branch of the Pernambuco shear zone. LIMA NETO et al. (2013) determined that this event and its aftershocks occurred along a fault *4 km long with a depth ranging between 2 and 8 km, all of them on the same fault plane that have a dip of 60°south. Lopes et al. (2010) proposed that this ramification represents a ''weak zone'', which, combined with the present-day stress field (N-S tension), led to the reactivation of this fault segment (SYKES 1978; FERREIRA et al. 2008) . However, other geological structures under the same conditions have not shown any seismicity, which means that other local factors must be taken into account to explain the observed seismicity cases (LOPES et al. 2010) .
In May 2006, a m R 4.0 event occurred in the same São Caetano area. After this event, a local five-station network (SOJO, SOCA, SOLC, SOMA and SOFI) was deployed in the epicentral area for almost 6 months (01/02/2007 until the 21/07/2007). The stations were equipped with short period S13 J sensors (three components with 1 Hz frequency) and SMART24
Ò dataloggers recording at 100 sps. A total of 214 events were detected during this period (LIMA NETO et al. 2013) . The data quality of the stations SOCA and SOFI was not satisfactory for our purposes and we, therefore, based the following analysis on the data from the stations SOJO, SOLC and SOMA (red triangles on the map Fig. 1 Fig. 1 ).
Data Processing
The main processing steps are common and consisted in (1) pre-processing, (2) cross-correlation and (3) cross-correlogram stacking (e.g., BENSEN et al. 2007; SCHIMMEL et al. 2011) . In order to improve the convergence of the noise correlation function, this processing is performed in a selected frequency band (ROUX et al. 2005) . Throughout this study, we used the vertical component from the short period stations shown by the red triangles in Fig. 1 . In the following, we briefly outline the different processing steps.
We started data pre-processing by cutting the continuous data into non-overlapping segments of 60 min length and performing a visual inspection of the data to detect data problems. As we used the same seismometer with the same calibration and a shortfrequency band, we did not need to remove the instrument response for our monitoring purpose. Further, the data have been band-passed using a zerophase Butterworth filter to reduce the frequency band to the one where we expected to observe the best signal-to-noise ratio (SNR). We basically worked, for the auto-correlation, in the 2-8 Hz band. These frequencies have also been used in other previous studies (WEGLER et al. 2009; WEGLER and SENS-SCHÖ NFELDER 2007 , among others). It is not clear whether in this frequency band the auto-correlations are dominated by surface waves or body waves (e.g., SENS-SCHÖ NFELDER and WEGLER 2006; NAKAHARA 2015) which can cause ambiguous interpretations. For the cross-correlation, we used a 0.7-1.4 Hz frequency band that is expected to contain mainly surface waves, due to the longer wave path between the stations.
After these data preparation steps, we applied a time-and frequency-domain normalization to the data, 1-bit normalization and spectral whitening, respectively. Different strategies can be used (e.g., BENSEN et al. 2007 ) and their purpose is to make the cross-correlation results less sensitive to large amplitude signals, such as the ones caused by earthquakes or isolated strong narrow-band noise sources. The 1-bit normalization divides, at each time, the recorded amplitude by its absolute amplitude. And the spectral whitening is achieved, through a Fourier Transform to the frequency domain, by normalizing the amplitude spectra within the considered frequency band to one and a back transform to the time domain. The phase spectra have not been manipulated. Both normalizations are frequently used in seismic noise studies and permit to balance the contributions to the cross-correlation results through attenuating the large amplitude signals and enhancing the weak amplitude signals. The following step is the computation of crossand auto-correlations. Here we used two different strategies: the classical cross-correlation (CC) and the phase cross-correlation (PCC) by SCHIMMEL (1999). The classical cross-correlation (Eq. 1) is the most commonly used in ambient seismic noise monitoring studies:
where u 1 and u 2 are the seismic noise records and t and T are the time lag and correlation window length, respectively. The auto-correlation is a special case with u 1 = u 2 . In addition, we use the PCC (Eq. 2) by SCHIMMEL (1999) which has been introduced to noise studies in SCHIMMEL et al. (2011) .
This approach measures the waveform similarity based on the instantaneous phases uðsÞ and cðsÞ of the time series u 1 and u 2 , the lag time t and the correlation window length T, as for the classical crosscorrelation. # is a factor which can be used to control the sensitivity. The instantaneous phases are obtained from the analytic signals of u 1 and u 2 . This approach is amplitude unbiased and does not need time-and frequency domain normalized data (SCHIMMEL et al. 2011) . In fact, these normalizations deteriorate the noise waveforms which lead to poorer results with PCC.
Finally, both auto-and cross-correlations were stacked linearly to obtain robust correlation results with an increased SNR. The amount of correlograms to be stacked had been investigated for each station and for the auto and cross-correlations. Most stacks converge to a stable correlogram using a time window of 1-3 days as shown in the following section.
Comparison of CC with PCC
In this section, we show the performance of the CC on both, with and without time-and frequency domain normalized noise data and compare the results with PCC. An example of stacked correlogram convergence is also shown. Figure 2 shows an example of noise auto-correlations obtained for station SOJO using the first 2 months of data. The data were band-pass filtered between 2 and 8 Hz and the auto-correlations (CC and PCC) were stacked using a moving window of 3 days. Figure 2a shows the corresponding autocorrelation stacks using CC on pre-processed data, i.e., employing the 1-bit normalization and spectral whitening. The Julian day corresponds to the centre time of the moving window used for the stack. Figure 2b , c show the auto-correlation stacks using, respectively, CC and PCC on data which have not been normalized, i.e., data that have not been processed using 1-bit normalization and spectral whitening. The red line marks the date of the main event (20/03/2007, Julian day 79) and the beginning of the earthquake swarm.
It is seen already from Fig. 2a that stacking
The data used to obtain Fig. 2b were not normalized and one can see that the auto-correlograms are affected by the earthquake swarm. Also, instrumental problems which happened during 2 h on day 50 (marked with an X) are seemingly detectable as anomalous auto-correlograms which clearly do not resemble to the response we obtain for most of the other days. These features are expected (e.g., BENSEN et al. 2007 ) and they are the main motivation to normalize the noise data during the pre-processing.
PCC were also applied on non-normalized data and it is seen that this approach is indeed amplitude unbiased since the resulting auto-correlograms ( Fig. 2c ) seem not to be affected by the instrumental problems or by larger amplitudes of the earthquakes after day 79. A visual comparison of, for instance the first days of Fig. 2b , c, shows that the CC and PCC auto-correlograms are quite similar for calm days, that is when CC is not being affected by large amplitude features in the noise data. On the contrary, the 3-day-stack auto-correlograms from Fig. 2a do not exhibit similar traces. It shows that the noise data normalization, which has the disadvantage of losing waveform details, manifests in a less sensitive signal extraction.
In Fig. 3 , we show the waveform convergence of the auto-correlation stacks (Fig. 2) to a reference trace as function of time, i.e., as function of stacking length. The data used for this analysis are from the pre-event period (before 20/03/2007, Julian day 79) and were selected randomly 10 times to show the robustness of the convergence. The waveform similarity was computed using the zero-lag CC geometrically normalized (Eq. 6 in SCHIMMEL et al. 1999) with respect to a reference trace which was Figure 2 Record section of auto-correlations for 2-8 Hz band-passed noise recordings from station SOJO using a the classical auto-correlation of preprocessed data (1-bit normalization, spectral whitening); b the classical auto-correlation without pre-processing; and c the phase crosscorrelation. The correlograms were stacked using a moving window of 3 days. The red line shows the main event (Julian day 79) of the 4 months crisis. X marks the effect of anomalous signals due to instrument failure during less than 2 h on day 50
Vol. 173, (2016) Detection of Subtle Hydromechanical Medium Changes Caused By a Small-Magnitudeobtained for each of the three approaches through stacking all available pre-event data. For this analysis, we removed 2 h (18-20 h) of the Julian day 50 to exclude abnormal high amplitudes due to instrument failure. It can be seen from Fig. 3 that PCC (red dots) converges already after about 2 days. Also PCC seems to be more stable since the corresponding similarity is less variable than for the other two methods. The CC applied on non-normalized noise data ( Fig. 2b and green dots in Fig. 3 ) converges faster than the CC applied on normalized data ( Fig. 2a and blue dots in Fig. 3 ) which strengthens the hypothesis that the noise data normalization may lead to a less sensitive signal extraction. The 1-bit normalization and spectral whitening are operations which alter in a non-unique manner a complex waveform. For instance, an infinite number of waveforms can have the same 1-bit representation of the data. This loss of information is the price one pays for the amplitude normalization. As consequence, more data are needed to extract signals from the noise. In conclusion, PCC seems to be more sensitive and robust for our analysis of a small earthquake swarm.
Analysis and Results of the Full Data Processing
Using Pcc
Auto-correlation
As shown in the previous section, we obtained the best results using PCC. In the following part, we applied PCC to the entire data set to analyse the structural response due to the earthquake swarm. The stations SOJO and SOMA were the only ones converging after stacking over less than 5 days so the next results will be shown for these two stations.
At the station SOJO, which is the closest from the main event location, a three-day stack is enough for the waveforms to converge (red dots, Fig. 3 ). Figure 4 shows the auto-correlograms' section of 6 months of data. One can see that until approximately the Julian day 83 the waveforms are stable, which corresponds to 3-5 days after the main event (red line on Fig. 4) . Then, the signals get disturbed and it seems that we observe two types of frequency regimes (I and II on Fig. 4) , beginning somewhere within the data gap from days 103 to 136. It seems that the post event period can be divided into an immediate post-event period and a second period which starts about one month later. Regime II, between approximately 3 and 6.5 s, seems to be different from the rest of the auto-correlogram by showing higher frequency waveforms. A zoom into these regimes is shown in Fig. 5 (Fig. 5a , c for regime I and Fig. 5b for regime II). This lag time localization is not expected for structural changes which happen everywhere beneath and around the station. It is possibly an indicator of structural changes which are spatially localized. A similar frequency change is observed for station SOMA, but the starting time of regime II is ambiguous. The transition from regime II to I? is at about 7 s for this station.
In Fig. 6 , we show the normalized amplitude spectra of the auto-correlograms for the two presumed regimes before (Fig. 6a) and after (Fig. 6b ) the main event for the station SOJO. ''After the event'' refers here to the 2nd post-event period which starts about 30 days after the main event. We plotted the median spectral amplitudes of the daily autocorrelograms using the 23 days of available data before the event and the month of June after the event. In full analogy, Fig. 6c, d shows the same for station SOMA, which has 28 days of available data before the event (Fig. 6c) . It is clearly visible that there exists a change in the frequency contents for the auto-correlations from both stations. After the event, the lower frequency components seem to be attenuated with respect to the higher frequencies. We also see that there are differences as function of lag time which are not observed during the pre-event period. It can be seen that after the event the auto-correlations for lag times 4-6.5 s contain stronger higher frequency components than lower frequency components. This is not the case for the pre-event period at all lag time windows and for the regime I lag time windows after the event. In Fig. 7 , we show the daily relative amplitude change for both stations (SOJO: Fig. 7a , b, SOMA: Fig. 7c, d ). These relative amplitudes correspond to the maximum amplitudes in the 6-to 7-Hz frequency band normalized by their corresponding maximum amplitudes from the 3-to 4.5-Hz frequency band. The median spectral amplitudes and absolute median variations are shown as horizontal and vertical bars, respectively. Median statistics have been used to be less sensitive to amplitude outliers. For station SOJO, it can be observed for the pre-event period that the relative maximum amplitudes are in the same order for the three selected lag time windows. On the contrary, for the post-event period we observe a large difference in the relative maximum amplitudes. Indeed, the relative maximum amplitudes are considerably higher for the 4-to 6.5-s lag time window than for the other windows, which clearly shows a relative frequency increase for regime II. These observations seem to be also valid for station SOMA but they are not as clear likely because of data quality. This figure further strengthens the hypothesis that there are significant changes in the auto-correlation functions which are localized in lag time. This localization in lag time is difficult to explain by an increase of the event activity or changes in the noise characteristics since they are expected to appear at all lags. Further, these observations are from a long time period. A likely explanation invokes localized structural changes . We did not further investigate the origin of the frequency change which also is beyond the scope of this study, but frequencies are likely related to the characteristics of the structure. Due to the different frequency contents and severe changes of the waveforms we do not quantify time delays as often done in monitoring studies. Nevertheless, we evaluate the waveform changes by analysing the evolution of the similarity for a 0.5-6.5 s lag time window, between a reference trace (stack of all pre-event auto-correlograms) and the auto-correlograms stacked within 1 day and 3 days moving window for the station SOJO (Fig. 8c) and for the station SOMA (Fig. 8d) . As the events' magnitude is unknown, we plotted also the number of aftershocks per day (Fig. 8a) and the daily cumulative squared amplitude of the 2-to 8-Hz band-passed waveforms which were recorded on the vertical components of stations SOJO and SOMA (Fig. 8b) . The daily cumulative squared amplitude is proportional to the seismic energy recorded on the vertical component at each station. Both measures (Fig. 8a, b ) may allow us to identify calm periods and periods with more seismic activity.
It can be seen from the similarity plots in Fig. 8 that the similarity decreases and that the shape of the curves becomes rougher with progressive time for both stations. It seems that more medium changes are detected with progressive time. We now may divide the shown time interval into three periods: a preevent period, an immediate post-event period with small similarity decrease and a second post-event period where the similarity curves become rougher with time. These periods are indicated in Fig. 8 by the numbers 1, 2 and 3.
The pre-event period (from Julian days 40 to 79), corresponds to a relatively calm period with respect to the swarm starting on Julian day 79 where the similarities at both stations are consistent with the lack of seismic activity. They are characterized by an approximately constant and high correlation coefficient (C0.85). Only few events (from Julian days 42 to 55) break this calm period resulting in a decrease of the similarity at the station SOMA. During the second period (from Julian days 79 to *110), immediately after the main event (Julian day 79) we can observe a slight but steadily decrease of the similarity at both stations. The third period starts at about day 110 and is characterized with a similarity curve which is rougher than for the immediate postevent period (2). This period coincides with the period of increased frequencies at the 3-to 6-s lag time window (regime II). It seems that about 1 month after the main event the auto-correlation starts detecting larger medium changes than during period 2, i.e., the first month after the main event. We may interpret this observation as medium changes which come into the sensitivity range of the auto-correlation at each station. The corresponding mechanisms are unknown, but fluid pressure redistribution, for instance to shallower depth levels due to path ways opened by later occurring earthquakes could be a possible explanation.
Cross-correlation
Besides the auto-correlations, we also analysed cross-correlations which are suited to provide information on structural changes between each station pair. The data processing for the cross-correlation is the same as for the auto-correlation. Cross-correlations using PCC were computed for the station pairs SOJO-SOMA, SOJO-SOLC and SOLC-SOMA and a 0.7-1.4 Hz frequency band. The resulting crosscorrelations were used to analyse their similarity to a pre-event reference cross-correlation stack which is in full analogy to the auto-correlation analysis of Fig. 8 . The pre-event reference is the linear stack of cross-correlations for the days 40-79. The used lag time window is from 0.5 to 6.5 s. We only used the positive (causal) part as the cross-correlations are quite symmetric. The results are plotted in Fig. 9 . It is visible from this figure that the similarity decreases 3 days after the main event (Julian day 79) for all the That is, medium changes are clearly observed for the cross-correlations only 3 days after the main event while the auto-correlations detect only weak changes which become more pronounced after 1 month. The most important similarity decrease is observed for station pair SOJO-SOLC (Fig. 9c) . This is expected since the trajectory between these stations is along the fault system. For station pair SOJO-SOMA (Fig. 9b) , the interstation trajectory crosses the fault at an angle smaller than 40°. Also for this station pair we observe a first important decrease after the main event followed by a continuous decrease, which is similar with the results of the auto-correlations at the stations SOJO and SOMA. For station pair SOLC-SOMA (Fig. 9d) , the station trajectory is almost perpendicular to the fault line. We observe for SOLC-SOMA a decrease of the similarity which is less important than for the other station pairs. It can be explained by the fact that the detected signals are for waves which propagate dominantly in a region which is less affected by medium changes.
The cross-correlations of the three station pairs evidence the presence of detectable medium changes soon after the main event. The observed decrease in similarity is more pronounced and more abrupt than for the auto-correlations. This makes alternative explanations, such as apparent medium changes due to changes in the characteristics of the ambient noise wave field, unlikely. That is, changes in the ambient noise wave field should be detected simultaneously by the auto-correlations, which is not the case. The cross-correlations are more sensitive to medium changes along the interstation trajectory than the auto-correlations which can explain the different responses of cross-correlations and auto-correlations for stations which are not deployed within the affected areas.
The sketches of Fig. 10 summarize our observations. The interstation trajectories (Fig. 10a ) are plotted on a colour scale, which marks the amount of similarity decrease observed for each couple of station after the main event, from day 90. Medium changes are strongest somewhere along the fault and in between the three stations. One month later, the Figure 7 Relative amplitudes of the frequency peak at 6-7 Hz with respect to the one at 3-4 Hz for station SOJO a for pre-event period (from day 41 to 78) and b for post-event period (from day 151 to 180) and for station SOMA c before the major seismic event (from day 41 to 70) and d after the major seismic event (from day 151 to 180), as function of lag time windows: 1-3.5 s (regime I-black), 4-6.5 s (regime II-red) and 7-9.5 s (regime I?-blue). Spectral median amplitudes and median deviations are represented by the horizontal and vertical bars, respectively 1106 V. D 'Hour et al. Pure Appl. Geophys. auto-correlations start to show a pronounced similarity decrease mainly confined within a lag time window from 3 to 6.5 s for the station SOJO and until 7 s for the station SOMA. If we consider an empirical apparent velocity of 1 km/s for scattered waves, as sometimes used to approximate the lag time window (MEIER et al. 2010; ZHAN et al. 2013) , then the observed similarity decrease would be localized roughly to a distance of about 1.5-3 km from the station SOJO and until 3 km from station SOMA. If we further assume that we detect mainly surface waves, then these waves at 2-8 Hz would be sensitive to medium changes at very shallow depths less than a few hundreds of metres. The distances in Fig. 10 are only indicative and marked by the circles. We cannot determine the precise distances or depths, but we can say that independently of the wave type, the medium changes happen close to the stations. The pronounced decrease of the similarity after 1 month and at a small distance from the stations could be explained by fluid pressure redistribution which can be initiated by hydromechanical changes and opened path ways to shallower depth levels due to later occurring earthquakes. This hypothesis cannot be proved by other data, since, for instance, there exist no borehole water level measurements for the study area.
Discussion and Conclusions
Our analysis of the m R 3.7 São Caetano intraplate event and its aftershocks has been based on a new correlation approach, the PCC (SCHIMMEL 1999) which so far, to our knowledge, has not been presented for monitoring purposes. We compared PCC with the classical approach and showed that with PCC we achieve for our data a robust and fast convergence to a reference trace, obtained through stacking auto-or cross-correlograms over a long time window. This fast convergence means that PCC enables a higher time resolution than CC since one needs to stack fewer days in the moving window of the monitoring analysis. Our pre-analysis also shows that the CC applied on pre-processed (one-bit normalization and spectral whitening) data is not suited for our purposes. It seems that the pre-processing removes too much information from the waveform data to permit a fast convergence. CC without preprocessing, however, provides better results but is sensitive to events and other data anomalies. This sensitivity manifests in the waveforms (Fig. 2b ) and in the variability of convergence (Fig. 3) . PCC does not need the pre-processing and does not show the sensitivity to outlying amplitude events (SCHIMMEL et al. 2011) as it can be seen from the waveforms and the small variability in the convergence diagram. Our CC and PCC results are similar when there are no outlying amplitude events in the data. It seems, from the SOJO auto-correlation's record sections (Figs. 4, 5) and from the frequency analysis (Figs. 6, 7) , that we observe a frequency change which is mainly confined to a particular lag time window. The change in frequency contents starts between 20 and 50 days (we cannot be more precise due to the data gap) after the main m R 3.7 event and lasts several weeks. The fact that the frequency change is confined into a lag time window strengthens the hypothesis that the observed temporal variation of the auto-correlograms correspond to a localized medium change rather than an overall medium change or even an external cause (e.g., meteorological cause). The frequency perturbation is observed from approximately 3 to 6.5 s and consists mainly in a relative frequency increase with respect to earlier and later lag time. A similar relative frequency increase is also observed at station SOMA. However, its beginning lag time is not well defined and its ending lag time is at about 7 s. The corresponding structural changes would be shallow and close to both of the stations. As mentioned before, if we consider an apparent wave velocity of 1 km/s, then the structural variations would be located within about 3 km from the stations. If we detect mostly surface waves with the auto-correlations at 2-8 Hz then the medium change should happen at very shallow depth (several tens of metres). An exact depth and distance determination is beyond the scope of this study, but it is generally accepted that the auto-correlations are mostly sensitive to the local shallow structure around each station (e.g., NAKAHARA 2015).
The origin of the frequency change has not been analysed. A relative increase of higher frequencies can mean that the structural variations cause a higher reflectivity of the higher frequency waves. The reason can be stronger or sharper discontinuities or an increase in the amount and strength of scatterers (GROENENBOOM and SNIEDER 1995; SNIEDER 2002; LAROSE et al. 2010) . There is likely no increase in the amount of scatterers close to the stations, but an increase of reflectivity strength of inhomogeneities, for instance, due to the local water table migration mainly within the fault zone cannot be ruled out.
With the cross-correlations, a more pronounced decrease of similarity (Fig. 9) is observed already 3 days after the main event of Julian day 79. The cross-correlations are sensitive to the structure along the station trajectory. At the beginning of the crisis, the medium changes can be observed on the crosscorrelations but not on the auto-correlations. It strengthens the hypothesis that the medium changes are, at first, further away from the stations. Since diffusivity of fluids increases outwards from the main damage zone the delayed decrease of similarity observed on the auto-correlations is understandable. This could mean that the corresponding structural changes at shallow depth are initiated by some of the aftershocks. This is consistent with the fact that fluids flow is occurring within a zone of young open fractures probably initiated due to the mechanical contrast between the fault core and the surrounding rock during the earthquake (PYTHAROULLI et al. 2011; SODEN et al. 2014) . The aftershocks can cause new opening cracks (POUPINET et al. 1984; SIBSON 1996; BAISH and BOKELMANN 2001) which further can enhance the outward diffusion of pore pressure. And then, it can be observed from the auto-correlations of the stations SOJO and SOMA (Fig. 8) as a more pronounced decrease of similarity after 21 days (Julian day 110) and until the end of the study. GAVRILENKO (2005) and GAVRILENKO et al. (2010) studied the complex relation between aftershocks and the fluid flow after an earthquake and showed that they can be due to hydrological (variation of the water level) and mechanical changes (stress transfer) or a hydromechanical coupling. The fluid flows from the compressed area to the dilated area until reaching equilibrium (NUR and BOOKER 1972; BOSL and NUR 2002) . The permeability of the medium is a key parameter which determines the temporal dependence of the aftershocks and the pressure redistribution. In our case, the medium, a Precambrian crystalline basement, has a low matrix permeability, which means a very slow pressure redistribution in the host rock and the hydraulic properties are controlled by a 1110 V. D 'Hour et al. Pure Appl. Geophys. discrete set of fractures (see do NASCIMENTO et al. 2004 NASCIMENTO et al. , 2005a . The series of aftershocks keep on opening cracks increasing the permeability. And by consequence, the fluid migration would increase when the aftershocks create more cracks or even interconnect faults. Fluid migration has often been used to explain observed medium changes with seismic interferometry (e.g., MILLER et al. 2004; SNIEDER et al. 2007; TERAKAWA et al. 2010) .
Other studies of the same type (WEGLER et al. 2009; WEGLER and SENS-SCHÖ NFELDER 2007 ) used the classical cross-correlation and studied the effect of earthquakes of at least magnitude 6 and showed a sharp wave velocity decrease occurring immediately after the event. The main event of our study has a magnitude of 3.7 and is followed by a sequence of much lower energy aftershocks. We can conclude from our study that medium changes for smaller energy events are also detectable. The corresponding variations are clearly visible and show that monitoring studies can be extended to smaller energy events. We further show that PCC is suited to monitor these little changes. The PCC auto-correlations detect medium changes later than the cross-correlations which can strengthen our hypothesis of fluid movement as a plausible and likely cause of our observations.
At this stage the interpretations are speculative since no other constraints, as borehole data, are available. Also the distance estimation should be taken with care since we have no control whether the published apparent velocity of 1 km/s is valid at São Caetano and for the considered frequencies. Further, more stations are needed to better constrain the damage zone. Nevertheless, an analysis of wave propagation is out of the scope of this study which mainly focuses on the detection and clearly shows that the auto-correlations detect strongest medium changes later than the cross-correlations which makes our hypothesis a plausible starting point for further investigations.
